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Abstract. Dielectric measurements between 10 Hz to 13 MHz were obtained using an HP 4192A Impedance Analyzer for 
two types of artificially damaged corn samples: medium and severe damage. For each damage type, the measurements were 
obtained at two moisture content levels (11 and 19 percent, W.B.) and five damage levels (0, 10, 25, 50, and 100 percent). 
Each sample was also compressed to produce another bulk density. The results showed that dielectric properties were able to 
measure moisture content, bulk density, and mechanical damage level. Using dielectric variables only, medium damaged level 
was predicted with R2 = 0.95 and RMSE =8.8 percent, while severe damage level was predicted with R2 = 0.97 and RMSE = 
6.96 percent. However, when the actual moisture content and bulk density were used along with dielectric variables, the severe 
damage level prediction was slightly improved with R2 = 0.98 and RMSE = 5.97percent, and medium damage was also 
improved with R2 = 0.98 and RMSE = 5.77 percent. The results showed that dielectric measurements had a good potential for 
measuring corn mechanical damage. However, further investigation is required to test combine- damaged corn using the 
same technique. 
Keywords. Mechanical grain damage, Dielectric properties, Dielectric sensor. 
Introduction 
Corn is a major crop in the United States and over 253 million metric tons of corn 
was produced in the 2000 season (USDA, 2001). The introduction of mechanical grain 
shelling has resulted in greater mechanical damage to the corn kernels during harvest, 
which in turn increases the rate of damage and deterioration during subsequent 
transportation and handling. Mechanical damage has received a lot of attention during the 
past four decades, however, there has been no agreement among researchers and grain 
industry sectors on a definition of mechanical damage, and each party has set it’s own 
definition. 
Mechanical damage of grain has been shown to adversely affect grain quality and 
deterioration. Paulsen and Nave (1981), reported that mechanical damage resulted in 
easier fungal invasion, greater insect manifestation, and increased breakage during 
subsequent handling. Saul and Steel (1966) found that energy costs needed for drying 
mechanically damaged corn increased by six to seven times over that required for drying 
hand-shelled corn, because damaged corn needed faster drying rates to prevent 
deterioration. Kalbasi-Ashtari, et al. (1979) reported that damaged and undamaged 
portions of mechanically-shelled corn had a higher deterioration rate than hand shelled 
corn by a factor of 3 and 2 times, respectively. Ng, et al. (1998) studied the effect of 
mechanical damage on corn storability as determined by carbon dioxide production and 
dry matter loss. They found that allowable storage time (AST) decreased as mechanical 
damage increased from 0 to 40 percent and remained constant from 40 to 50 percent 
mechanical damage. Grain processing quality is also adversely affected by mechanical 
damage. Freeman (1970) reported that mechanically damaged corn resulted in lower oil 
recovery, poorer milling ability, lower content of gluten pigments, and lower starch 
viscosity. Almeida-Dominguez, et al. (1998) studied the effect of mechanical damage 
levels (0 to 30 percent) on the performance of alkaline cooking of corn into tortillas. They 
found that corn with high mechanical damage was susceptible to overcooking, more 
difficult to handle during processing, and had greater nutrient loss compared to 
undamaged corn. 
The level of mechanical damage reported in the literature varies in magnitude 
from 16.5 and 40 percent, depending on the method used to evaluate damage and the 
definition of damage itself (Mahmoud and Buckele 1975; Chowdhury and Buchele 
1976a; Kalbasi-Ashtari, et al. 1979). Mechanical damage was defined by Brass (1970) to 
include all categories of physically chopped or cracked corn kernels. ASAE defined 
mechanical damage as the damage caused by mechanical harvesting and classified it into 
visual damage and hidden damage (ASAE 1992). Chowdhury and Buchele (1975) 
categorized damage into four groups: minor, major, severe, and fines proportions.  
Grain mechanical damage is currently evaluated for trade and export purposes 
using the official grain grading system developed by the United State Department of 
Agriculture-Federal Grain Inspection Service (USDA 1999). For corn, this consists of 
any foreign material other than corn in addition to the portion that passes through a 4.76 
mm (12/64 in) round-hole sieve. This method, however, does not account for a large 
proportion of mechanical damage ranging from hairline cracks to severe damage, which 
results from mechanical shelling of corn. Chowdhury and Buckele (1976a) reported an 
average broken corn and foreign material (BCFM) of 0.77 percent compared to 40.37 
percent total mechanical damage, if all external and internal kernel damage was included 
for samples from a laboratory corn sheller. Kalbasi-Ashtari, et al. (1979) reported that 
actual mechanical damage of machine-shelled corn was about 16.5 percent, while fines 
and foreign material were 1.1 percent of the corn sample weight. They used the procedure 
developed by Chowdhury and Buchele (1975) to categorize damage into minor, major, 
severe, and fines proportions. Extensive research has been done in an attempt to develop 
efficient methods for evaluating mechanical damage. Some of the most commonly used 
in research include, visual inspection, where the mass grain kernels with any visual 
damage or cracks are picked from the grain sample is divided by the original weight of 
the sample to estimate the damage percentage (Koehler 1957; Schmidt et al. 1966; 
Mahmoud and Kline 1972; Chowdhury and Buchele 1975). Germination tests estimate 
mechanical damage indirectly by correlating the ability of the grain kernel to emerge and 
develop a reasonably healthy seedling, however this test responds to mechanical damage 
as well as other types of kernel damage (Chowdhury and Buchele 1976b). Colorimetric 
methods were also used, which correlate the damage level of a grain sample to the 
transmittance or absorbency of light through a dye extraction solution obtained from the 
sample (Chowdhury, 1978). Machine vision has been used for classifying damaged grain 
kernels based on certain color or texture differences (Gunasekaran et al. 1988, Ng, et al. 
1998, and Luo et al. 1999). Electric conductivity methods were successfully used to 
correlate mechanical damage to the amount of solid leachates from and cracked soybeans 
samples (Hopper et al. 1980; Couto, et al. 1998). 
Dielectric measurements of grains based on the complex electric capacitance and 
resistance have been successfully used to develop sensors for measuring moisture content 
and bulk density of grains (Nelson et al., 1977; Berbert, et al. 1996; Kraszewski, et al. 
1998; Lawrence, et al. 1998; Trabelsi, et al. 1999). The effect of dielectric properties on 
other grain properties such as grain kernel size (Jones et al. 1978, Nelson 1979a), 
electrode spacing (Jones et al. 1978, Nelson 1979a), variety and other factors have been 
investigated. Holaday (1964) reported that the normal distance measured from the 
straight line that was plotted between the logarithm of dc resistance and the ac 
capacitance of the dried corn samples was an accurate measure of the degree of corn 
damage associated with heat drying. Venkastesh, et al. (1998) found that corn samples 
chopped to different degrees showed a difference in dielectric response at similar bulk 
densities and moisture contents which indicated that some of the response was due to 
chopping or size reduction. They reported also that the results were not conclusive, since 
slight differences in moisture content and composition as well as measurement errors 
might have existed and could have had some effect on the results. They explained that the 
cross-sectional moisture and material gradients in the single grain kernels had an effect 
on the dielectric response of those kernels. 
The purpose of this study was to investigate the effect of mechanical damage on 
dielectric response and determine if dielectric measurements could be used to predict 
grain damage. The experiment was designed to account for the significant effect of 
moisture content, bulk density, and factors that were proven to effect dielectric response 
of grain and were not fully controlled in the previous studies. The study was based on the 
hypothesis that mechanical damage of corn kernels effects the power density attenuation 
of the applied electric field in the corn samples and the dielectric response of the samples 
(Holaday, 1964, and Venkastesh, et al.1998).  
Material and Methods 
 
Corn (Zea Maize) of unspecified variety was brought from Garst Seed Company* , 
Slater, Iowa. Severe and medium damage were prepared in the laboratory in an attempt to 
simulate corn mechanical damage that results from mechanical harvesting, handling, and 
transportation of corn. The severe damaged samples were prepared using a roller mill 
(Dry corn milling Inc, Wichita, Ks) by passing the corn kernels through a 0.3 cm spacing 
of two counter-rotating rollers. The medium damaged samples were prepared using the 
Stein Breakage tester by impacting a 200 g corn sample for 15 minutes. In both case, the 
resulting damaged corn was then sieved using a 4.76 mm (12/64 in) round-hole sieve, and 
the fraction that passed through the sieve was discarded. The severe and medium 
damaged samples were then adjusted for moisture content separately, by adding a pre-
specified amount of distilled water to bring moisture content to 11 and 19 percent on a 
wet basis (W.B.). After moisture adjustments, relevant masses of damaged and 
undamaged corn were mixed to obtain five damage levels (0, 10, 25, 50, and 100 percent 
damage). These five damage levels were prepared for each damage type (figure 1). All 
samples were bagged and stored at 4o C.  
Electrical measurements were obtained using a Hewlett-Packard 4192 LF 
impedance analyzer. A shielded parallel-plate sample holder similar to the one described 
by Lawrence et al. (1998) was used. The electrical measurements were obtained 
automatically by programming the impedance analyzer using a GPIB, CBI-488.2 General 
purpose interface board (ComputerBoard, Inc. Middleboro, MA). The measurement 
system is shown in figure 2. 
Before starting measurements, the corn samples were removed from cold storage 
to allow them to reach room temperature. The first set of measurements was obtained 
with an empty sample holder to adjust for measurement errors in the sample holder as 
explained by Lawrence et al. (1998). A corn sample was then picked randomly and 
electrical measurements of complex permittivity were obtained at fifty-eight frequencies, 
ranging from 5Hz to 13MHz. In order to obtain the second bulk density, an additional 3 
percent of the corn original weight was added to each measured sample and electrical 
measurements were repeated.  
Results and discussion 
 
The relative dielectric constant and loss factor were plotted against measurement 
frequency for each type of damage at the different moisture levels (11%, 19% MC) and 
densities (low, high) in order to identify any separation among the different mechanical 
damage levels. The figures showed more separation among damage levels at lower 
frequencies (below 10 kHz) as shown the representative plot (figure 3). The separation 
was greater for severe damaged samples compared to medium damaged samples. This 
response, however, represented the net effect of mechanical damage, bulk density and 
moisture content. Therefore, analysis of variance using Proc Mixed (SAS 1999) was 
performed on every fifth measurement frequency to investigate the individual effects of 
moisture content, bulk density and grain damage on the measured dielectric properties of 
                                                 
*  The trade names are provided for the benefit of the reader only. 
the sample. The results for a single representative frequency (600 Hz) are shown in table 
1. The results show that moisture content, bulk density, and damage level were all 
significant at 1% level. As expected, the ANOVA analysis also showed that the effect of 
moisture content and bulk density was much greater than that of mechanical damage, as 
expressed by the larger F-values for moisture content and bulk density. The ANOVA 
results were similar for all frequencies below 10 kHz (Data not shown), with moisture 
content, bulk density, and damage level all significant at 1% level. Further analysis using 
least significant means of mechanical damage level showed significant differences among 
the five damage levels used.  
Multivariate analysis was then used to develop the regression model for 
mechanical damage prediction. Multiple linear regression (SAS 1999) was used for initial 
screening of the dielectric variables to determine the frequencies with the greatest 
predictive capability. A plot of the increase in the coefficient of determination as the 
number variable in the model increased is shown in figure 4. The results show that severe 
damage could be predicted (R2 = 0.91) using only two dielectric variables, whereas seven 
variables were needed for a similar R2 for medium damaged samples. 
Mechanical damage prediction using dielectric variables only  
 
For severe damage prediction, initially a six-variable model was selected using 
the standard MLR procedure. The model was refined by eliminating any variable that was 
highly correlated with another variable in the prediction model. This resulted in a four-
variable model. The predicted data points were checked for statistical outliers using the t 
test. A single observation was found to be an outlier and was excluded from further 
analysis. The final model for severe damage prediction had an R2 = 0.98 and a RMSE = 
5.97%. In the final model, three of the four frequencies selected were below 100 kHz 
(table 2), which suggested that the lower frequency measurements were more sensitive to 
mechanical damage variation than the high frequency measurements. In the case of 
medium damage, a seven-variable prediction model was initially selected. The model was 
refined by removing the highly correlated variables, which reduced the number of model 
variables to four (Table 3). Two statistical outliers were detected and removed. The final 
model had an R2 = 0.95 and a RMSE = 8.8%. The predicted versus observed damage 
levels for severe and medium damage are shown in figures 5 and 6, respectively. The 
results show more spread in medium damage level prediction compared to severe 
damage.  
Mechanical damage prediction using dielectric variables, actual moisture 
content, and bulk density. 
 
Moisture content and bulk density were shown to have a large effect on the 
overall dielectric response of the damaged corn samples. The effect of including these 
parameters in the damage prediction model was evaluated. Prediction models were 
developed which included actual moisture content and bulk density as independent model 
variables in addition to the dielectric properties. The introduction of actual moisture 
content and bulk density reduced the number of dielectric variables in the prediction 
model from four to two, while R2 decreased from 0.98 to 0.97 and RMSE increased form 
5.97 to 6.96 percent for severe damage (table 4). On the other hand, for medium damage 
prediction, the number of dielectric variables did not decrease although three frequencies 
instead of four were used, while R2 increased from 0.95 to 0.98 and RMSE decreased 
from 8.8 to 5.77 percent (table 5). The results suggested that medium damage prediction 
was improved by introducing the actual moisture and bulk density as model variables, 
whereas severe damage did not show much improvement. The predicted versus observed 
damage levels for medium damage for this model is shown in figures 7. 
 
Mechanical damage prediction using dielectric variables, predicted 
moisture content, and bulk density. 
 
Finally, the dielectric variables were used to predict moisture content and bulk 
density, and the predicted values of the two parameters were used to replace the actual 
moisture content and bulk density. Moisture content was predicted using a two-variable 
model with R2 = 0.99 and RMSE = 0.4% moisture and bulk density was predicted using a 
three-variable model with R2 = 0.95 and RMSE = 0.011 g/cm3. The results, however, 
were very poor, with a substantial deterioration of R2 for both damage types.  
 
Conclusion 
 
Dielectric properties of artificially damaged corn were successfully used to 
develop a damage level prediction sensor. Prediction of severe artificial damage level 
was easier to develop with R2 = 0.97 and a RMSE = 6.96 percent using four-dielectric 
variables at 40 Hz, 60 KHz, 100KHz, and 2 MHz. For medium artificial damage level, a 
four-dielectric variable model was obtained with R2 = 0.95 and RMSE = 8.8 percent. In 
an attempt to improve the prediction accuracy and reduce the number of dielectric 
variables used, the actual moisture content and bulk density were introduced to the 
damage prediction model along with the dielectric variables. The results showed some 
improvement in damage level prediction with R2 = 0.98 and RMSE = 5.97 percent for 
severe damaged samples and R2 = 0.98 and RMSE = 5.77 percent for medium damaged 
samples. It was found also that dielectric variables provided a good prediction of 
moisture content and bulk density. The moisture content was predicted using a two-
variable model with R2 = 0.99 and RMSE =0.4% moisture for both types of artificial corn 
damage, while bulk density was predicted using a three-variable model with R2 = 0.95 
and RMSE = 0.011 g/cm3, for both types of artificial damage also. 
The analysis of damage prediction was performed for each type of damage 
separately to study the effect of damage type as well as damage level on prediction 
performance. The study suggested that dielectric variables could be used to develop a fast 
and practical mechanical damage sensor. However, further studies will be required to 
investigate other factors such as different corn varieties, surface moisture such as weed 
sap and dew and the application of this method to a flow through system. 
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Figure1. Experimental Design for Artificial damage samples 
 
 
 
 
 
 
Figure 2. Dielectric measurements system. 
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Figure 4. Coefficient of determination against number of dielectric variables in 
prediction model. 
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Table 1. Results of ANOVA for dielectric constant at 600 Hz measurement frequency 
for medium damage samples at 2 moisture contents (11%, 19%) and two bulk densities. 
Effect Num DF Den DF  F-value  Pr > F 
Block 4 4 0.97  0.5125 
MC 1 4 1033.57  <.0001 
Damagepercent 4 32 17.92  <.0001 
MC*Damagepercent 4 32 18.23  <.0001 
Comp 1 40 1312.02  <.0001 
Damagepercent*Comp  4 40 4.19  0.0063 
MC*Comp  1 40 1295.55  <.0001 
MC*Damagepercen*Comp  4 40 4.12  0.0069 
 
    
 
 
Table 2. Severe damage level prediction using dielectric variables only.  
Parameter§ Estimate Std Err t-value Pr > |t| 
     
Intercept 1646.65 160.91 10.23 <.0001 
A -603.21 103.16 -5.85 <.0001 
B 514.09 113.96 4.51 <.0001 
A*B -2.83 0.61 -4.67 <.0001 
C -1046.18 97.38 -10.74 <.0001 
A*C 307.05 54.26 5.66 <.0001 
B*C -226.30 56.71 -3.99 0.0002 
D 437.72 71.05 6.16 <.0001 
A*D -3.12 1.00 -3.11 0.0027 
B*D 9.14 1.99 4.58 <.0001 
C*D -249.15 43.45 -5.73 <.0001 
     
§ A= e’60k, B = e’100k C = e’2M, D = (e”0.04k)1/3 
 
 Figure 5. Predicted versus actual damage level using four dielectric variables 
for severe damage corn. 
 
 
 Table 3. Medium damage level prediction using dielectric variables only.  
Parameter§ Estimate Std Err t-value Pr > |t| 
Intercept 6402.58 450.17 14.22 <.0001 
A 331.96 31.82 10.43 <.0001 
B -0.84 0.09 -9.05 <.0001 
C 47.40 7.93 5.98 <.0001 
D -4614.27 349.17 -13.22 <.0001 
E 89.66 6.06 14.80 <.0001 
F -203.06 24.70 -8.22 <.0001 
A*B -6.16 0.00 -2.77 0.0072 
A*E§§ 52.10 0.01 8.17 <.0001 
B*B§§§ -3.80 0.00 -5.96 <.0001 
§A= e ’1M, B = e ”0.04k , C = (e ’1k)1/3 , D= (e ’ 1M)1/3 , E= (e ”0..04k)1/3, F = (e ”80k)1/3  
§§ The parameter estimate is multiplied by 1E+03. 
§§§ The parameter estimate is multiplied by 1E+05. 
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Figure 6. Predicted versus actual damage level using four dielectric variables  
for medium damage corn. 
 
 
 Table 4. Severe damage prediction using actual moisture content and bulk density. 
Parameter§ Estimate Std Err  t-value Pr >|t| 
Intercept 656.07 26.24 25.00 <.0001 
A -0.16 0.04 -3.75 0.0003 
B 36.79 5.05 7.28 <.0001 
C -148.31 17.44 -8.50 <.0001 
Density -635.59 28.15 -22.58 <.0001 
MC  -745.65 179.09 -4.16 <.0001 
A*C  0.04 0.01 3.31 0.0014 
 § A = e”0.03K, B = (e”0.03K)1/3, C = e”90 
   MC = Actual Moisture Content,  Density = Actual Density. 
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 Table 5. Medium damage prediction using actual moisture content and density. 
Parameter§ Estimate Std Err t-value Pr >|t| 
 
Intercept 336.66 339.14 0.99 0.3244 
A 47.94 3.26 14.72 <.0001 
B -111.64 8.45 -13.21 <.0001 
C 61.52 19.47 3.16 0.0024 
D -1345.58 129.40 -10.40 <.0001 
Density 3926.49 472.02 8.32 <.0001 
MC 9017.24 2624.17 3.44 0.001 
Density*MC -37421.39 3825.26 -9.78 <.0001 
B*Density 130.52 12.76 10.23 <.0001 
A*MC -252.23 17.15 -14.71 <.0001 
C*MC -306.13 102.46 -2.99 0.0039 
D*MC 7257.89 681.27 10.65 <.0001 
§A = e”0.1K, B = e”80K, C = e’10K, D = (e’0.1K)1/3 , 
 MC = standard oven method , Density = standard test weight. 
 
 
 
 
 
 
Figure 7. Predicted versus actual damage level using dielectric variables, actual 
moisture content, and bulk density for medium damage corn. 
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